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Ultrafast peptide and protein dynamics by vibrational
spectroscopy
Abstract
Proteins are molecular machines with a well-defined 3D structure, and it is mainly the success of X-ray
and NMR spectroscopic techniques that made the tremendous progress in structural biology happen.
However, it is also clear that biomolecular processes generally involve conformational changes of
proteins and enzymes. Mostly due to a lack of appropriate spectroscopic tools, much less is known about
the dynamics of protein structures. Protein dynamics occurs on a large range of time scales, which can
coarsely be related to various length scales: Dynamics of tertiary and quaternary structure extends from
milliseconds to seconds and even longer, while formation of secondary structure has been observed
between 50 ns and a few microseconds [1-12]. Nevertheless, several experiments have provided strong
hints for the relevance of even faster processes from the observation of large instantaneous signals,
which could not be time-resolved [2, 7, 13]. For example, Thompson et al. [5] estimated a “zipping
time” for a 21-residue α-helix of 300 ps (i.e., the time for closing of subsequent hydrogen bonds, once
an initial helix turn is formed), while Huang et al. [7] indirectly concluded that helix nucleation might
occur on a subnanosecond time scale. Also molecular dynamics (MD) simulations suggest that peptides
and proteins can undergo considerable structural changes within 1 ns or less [8-10, 14, 15]. Hummer et
al. [16] found the formation of the first α-helical turn within 0.1-1 ns in work on helix nucleation in
short Ala and Gly based peptides. Daura et al. [9, 17] simulated equilibrium folding/unfolding of a
β-heptapeptide at the melting point and above to obtain statistics on the populations of the folded and
unfolded states. Several folding/unfolding events were observed in a 50 ns trajectory, where the actual
transitions from unfolded to folded conformations could be as fast as 50-100ps. 
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Introduction 
Proteins are molecular machines with a well-defined 3D structure, and it is 
mainly the success of x-ray and NMR spectroscopic techniques which 
made the tremendous progress in structural biology happen. However, it is 
also clear that biomolecular processes generally involve conformational 
changes of proteins and enzymes. Mostly due to a lack of appropriate spec-
troscopic tools, much less is known about the dynamics of protein struc-
tures.  
Protein dynamics occurs on a large range of time scales, which can 
coarsely be related to various length scales: Dynamics of tertiary and qua-
ternary structure extends from milliseconds to seconds and even longer, 
while formation of secondary structure has been observed between 50 ns 
and a few microseconds [1-12]. Nevertheless, several experiments have 
provided strong hints for the relevance of even faster processes from the 
observation of large instantaneous signals, which could not be time-
resolved [2, 7, 13]. For example, Thompson et al. [5] estimated a "zipping 
time" for a 21-residue α-helix of 300 ps (i.e. the time for closing of subse-
quent hydrogen bonds, once an initial helix turn is formed), while Huang 
et al. [7] indirectly concluded that helix nucleation might occur on a sub-
nanosecond time scale. Also molecular dynamics (MD) simulations sug-
gest that peptides and proteins can undergo considerable structural changes 
within 1 ns or less [8-10, 14, 15]. Hummer et al. [16] found the formation 
of the first α-helical turn within 0.1-1ns in work on helix nucleation in 
short Ala and Gly based peptides. Daura et al. [9, 17] simulated equilib-
rium folding/unfolding of a β-heptapeptide at the melting point and above 
to obtain statistics on the populations of the folded and unfolded states. 
Several folding/unfolding events were observed in a 50 ns trajectory, 
where the actual transitions from unfolded to folded conformations could 
be as fast as 50 to 100 ps. 
Little is known from experiment about structural processes happening 
on time scale faster than about 10-100 ns. NMR-spectroscopy is many or-
ders of magnitudes too slow to investigate such fundamental processes. In 
the case of x-ray scattering, on the other hand, great progress has been 
achieved recently in time-resolving structural changes in some photo-
triggerable proteins such as CO-myoglobin [18]. Topics of the present 
chapter are sophisticated IR spectroscopic methods which allow one, in 
special cases, to study structure and dynamics of peptides in proteins with 
unprecedented detail and time resolution. Recent developments in IR laser 
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technology together with new approaches in the theoretical description of 
IR spectra in the solution phase (e.g. QM/MM methods [19]) promise to 
give fascinating new insights about function and dynamics of proteins as 
they do their job. 
Vibrational spectra of peptide and proteins typically contain many 
bands, and hence carry a wealth of information about the 3D structure of 
the molecule. An IR spectrum of a protein in solution phase is significantly 
more structured than any electronic spectrum. The information content that 
may potentially be extracted from an IR spectrum is enormous. Moreover, 
in contrast to NMR spectroscopy, IR spectroscopy is intrinsically an ul-
trafast technique with a time resolution down to 100 fs. Thus, at least in 
principle, IR spectroscopy allows one to temporally resolve essentially all 
types of molecular motion, from ultrafast dynamics of small molecular 
groups (such as an amino acid side group) on a picosecond time scale to 
collective conformational changes such as protein folding on a microsec-
ond or even much longer time scale. 
A huge number of IR spectroscopic techniques have been applied to 
proteins, which would go beyond the scope of this chapter. In order to de-
limit the work reviewed here from other work, we shall focus on the dy-
namics of the protein backbone, rather than on that of a cofactor embedded 
into a protein, and on ultrafast time scales. In this context, 'ultrafast' is de-
fined as faster than about 10-100 ns, which would be considered ultrafast 
in the protein community, and which is the limit of step-scan FTIR meth-
ods. This regime can be reached only with newly approaching laser tech-
niques. Some other ultrafast IR work is described in this book by Diller 
[20]. 
The challenge of using IR spectroscopy as structure 
sensitive method 
Although IR spectroscopy is, of course, an old technique, its potential as 
structure sensitive method has not yet been fully utilized. This is mostly 
due to three severe problems: (i) congestion of IR spectra, (ii) assignment 
of IR bands, and (iii) relating an IR spectrum to the 3D structure of the 
molecule. In the harmonic approximation, a molecule of N atoms contains 
3N-6 normal modes (and much more IR active transitions when taking into 
account anharmonicity), which even for the smallest peptides with, say, 50 
atoms, do no longer resolve into 144 absorption bands in the IR spectrum 
due to homogeneous and inhomogeneous broadening in the solution phase. 
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The problems listed above are typically circumvented by using one of the 
four following tricks: 
• Spectral Isolation: One may use a well separated band in a spectral win-
dow where no other normal modes appear. Such normal modes are per-
fectly localized on the particular molecular group and straight forward 
to identify and assign. The most prominent spectral window appears be-
tween about 1700 cm-1 (the highest frequencies of C=O vibrations of the 
peptide backbone or carboxyl vibration of terminal groups or amino acid 
side chains) and about 2800 cm-1 (C-H vibrations). Most relevant sol-
vents are transparent in this window. Only very special molecular 
groups appear in that window, which may be used as site specific labels: 
(i) -CªO, -N=N=N-, -NªO, and -CªN- bound to, for example, a heme 
iron, (ii) a non-natural amino acid with a -CªN [21, 22], (iii) a C-D 
group [23] or (iv) a S-H group naturally occurring in a free, un-bridged 
cysteine. To my knowledge, only the first alternative has been applied in 
time resolved IR experiments so far, but the other possibilities appear to 
be promising as well. 
• Difference Spectroscopy: Difference spectroscopy compares vibrational 
spectra of a system in two states. Only those vibrations, which are af-
fected by the transition between both states, show up in the difference 
spectrum, while the vast majority of normal modes are suppressed. The 
spectrum is typically thinned out significantly, allowing identification of 
individual normal modes in huge proteins. This approach has been ex-
tensively used to measure the IR response of photoreactive proteins, 
such as bacterial reaction centers [24], bacteriorodopsin [25], and the 
photoactive yellow protein (PYP) [26, 27]. Naturally, the modes that 
appear in the difference spectrum are mostly modes of the excited chro-
mophors, with little or no contribution from the protein. Hence, in the 
context of the delimitation of this paper from other work, this method 
will not be discussed here.  
• Amide I band: The so-called amide I band (i.e. essentially the C=O vi-
bration of the peptide bond) plays a very special role in vibrational spec-
troscopy of peptides and proteins. This is mostly due to three reasons: 
(i) The amide I band is still reasonably separated from the major accu-
mulation of normal modes, reducing the number of vibrational modes 
one has to deal with to the number of amino acids, rather than the num-
ber of atoms. (ii) The amide I mode is the most intense band in the IR 
spectrum of a protein. (iii) The amide I mode is an exceptionally sensi-
tive probe of secondary structure of peptides and proteins. The spec-
trum-structure relationship is rather well understood and can be param-
eterized very efficiently. The essential idea was put forward by Krimm 
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and coworkers [28], who suggested that the coupling between amide I 
sates of individual peptide units can be described as dipole-dipole inter-
action, which in a trivial way depends on the distance and relative orien-
tation of pairs of peptide units in the secondary structure. The coupling 
models have been elaborated further [29-35], but the basic idea re-
mained the same.  
• Isotope Labelling: By site specific isotope labelling, one may address 
individual groups in a peptide or protein and identify the corresponding 
normal modes. Isotope labelling is often used in a combination with one 
of the methods described above (for example 13C labelling of an amide I 
mode [36-39]). 
Experimental methods 
Although femtosecond and picosecond IR experiments have been per-
formed since the early 80’s (mostly investigating vibrational dephasing 
and relaxation of isolated vibrational transitions), only the recent progress 
in femtosecond technology made femtosecond vibrational spectroscopy a 
method, which provides a power and reliability that is now absolutely 
comparable with femtosecond spectroscopy in the visible range. This is 
mostly due to the advent of Ti:S laser systems as reliable sources of in-
tense femtosecond pulses, the development of extremely stable optical pa-
rametrical amplifiers (OPA's) to generate the required IR pulses [40], and 
the commercial availability of sensitive multi-channel IR detectors. One 
can generate intense (1-10 µJ), ultrashort (50 fs) IR pulses in a wide spec-
tral range (1000 cm-1 - 4000 cm-1), which are essentially transform limited 
and have a spatial mode close to TEM00. The intensity is sufficient to satu-
rate a strong IR absorber and the stability is such that one can measure ab-
sorption signals down to 10 µOD within minutes of averaging time. IR ex-
periments can be performed even on very weak IR absorbers (e.g. CN- 
with ε = 30 M-1cm-1 [41]) and there is essentially no limitation anymore, 
what the molecules are concerned that can be investigated. Virtually all 
variants of nonlinear spectroscopy known from the visible range (pump-
probe spectroscopy, photon echo spectroscopy, quantum beat spectros-
copy, 2D spectroscopy, coherent control schemes, etc.) are now possible 
for vibrational transitions, with often much better expressiveness. Some 
experiments reached a sophistication which is comparable with the "spin 
gymnastics" in multidimensional NMR spectroscopy [42]. The various 
methods will be described in the following sections.          
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Vibrational spectroscopy of equilibrium dynamics of 
peptides and proteins 
In the following we shall distinguish between equilibrium and non-
equilibrium dynamics of peptides and proteins. In the first case, we make 
use of the fact that the peptides and proteins are intrinsically dynamical, 
and thermally hop between various conformations. In the second case, an 
external trigger is introduced which switches the conformation of the pep-
tide (e.g. by introducing a photo-isomerizable group into the peptide) or 
shifts the equilibrium constant of two states of a protein (e.g. by quickly 
heating the sample).  
In the case of equilibrium dynamics, the principle idea of any nonlinear 
experiments (photon echo spectroscopy, 2D-IR spectroscopy) is the fol-
lowing: A first IR pulse, or, in some cases a sequence of IR pulses, excites 
a vibrational transition of a certain sub-ensemble of the proteins. It is be-
lieved that the excitation is not affecting the thermal fluctuations of the 
protein (since its energy is too small), but merely labels the molecules of 
the subensemble. The molecules keep their tag as they evolve in time, with 
which their dynamics may be followed in real time. In other words, one is 
selecting a sub-ensemble of the equilibrium ensemble, which will evolve 
in time as a non-equilibrium ensemble.      
Photon echo spectroscopy 
Most common are the so-called time-integrated two-pulse photon echo 
[43, 44], time-integrated three-pulse photon echo photon echo and photon 
echo peak shift experiments [45-47] (the heterodyne-detected photo echo 
experiment is a 2D technique and will be discussed in the next paragraph). 
Since time-integrated photon echo techniques do not contain any spectral 
resolution, they are typically performed on isolated single vibrational tran-
sitions, such as a CO ligand bound to a heme protein. In these experiments, 
the vibrator acts as a local probe (sensor) of the dynamics of its surround-
ing. The measured quantity is the frequency fluctuation autocorrelation 
function 〈δω(t)δω(0)〉, where δω(t) is the deviation of the transition fre-
quency of the isolated vibrator from its average value, δω(t) = ω(t)-〈ω〉, 
and 〈...〉 denotes an ensemble average. The surrounding is interacting with 
the vibrator and thereby changes its vibrational frequency, for example 
through a vibrational Stark effect. Since the surrounding in a protein is not 
static, but dynamical, the instantaneous frequency δω(t) will be a time-
dependent property and will reflect directly the dynamics of the immediate 
surrounding. Common probes, such as -CªO, -N=N=N-, -NªO, and -CªN-
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groups specifically bind to protein cofactors. The technique therefore is 
particularly important to study the dynamics of enzyme binding pockets.  
Most expressive, and most straightforward to analyze, is the photon-
echo peak shift experiment, which reveals a direct measurement of the fre-
quency fluctuation correlation function 〈δω(t)δω(0)〉. In such an experi-
ment, one irradiates the sample with three short laser pulses coming from 
directions k1, k2 and k3 and with time separations T (population time) and τ 
(coherence time). One detects two 3rd order signals in the phase matching 
directions -k1+k2+k3 and +k1-k2+k3 (see Fig.1a). Both signals are mirror im-
ages of each other with respect to the coherence time τ = 0. When one 
plots the signals as a function of τ for a given population time T, one finds 
that the peak of the signal is shifted from τ = 0 (see Fig.1b). The shift, 
which is called the peak shift, is positive in the case of the -k1+k2+k3 signal 
and negative in the case of the +k1-k2+k3 signal. The peak shift reflects the 
memory of the system at time T about the initial excitation of a subensem-
ble, i.e. the "time-dependent inhomogeneity" of the sample. It can been 
shown that the peak shift as a function of T is proportional to frequency 
fluctuation correlation function 〈δω(t)δω(0)〉 (for not too small times T) 
[48, 49], and hence, directly reflects the dynamics of the surrounding of 
the probe. A review article summarizing vibrational photon echo tech-
niques and the required theoretical concepts is found in Ref. [50]. 
Fig. 1 shows an example, which compares a photon echo peak shift of 
N3- dissolved in water (Fig. 1b) [45] with that of the same probe molecule 
bound to hemoglobin (Hb) [46]. In both cases, one observes an initial peak 
shift at T=0, expressing that a distribution of frequencies 〈δω(0)δω(0)〉, 
and hence, a distribution of local structures around the probes, exists. In 
other words, if one is looking fast enough (i.e. on the 100 femtosecond 
timescale), the spectroscopic transition appears to be inhomogeneously 
broadened. However, the inhomogeneity certainly is not static since the 
system is not static. On a long enough time scale, the system will be ho-
mogeneous. In fact, the peak shift decays on a few picosecond timescale in 
water, representing the lifetime of local hydrogen bonds with the probe 
molecule. In contrast, the peak shift in hemoglobin initially decays only 
slightly and then stays essentially constant on the picosecond time scale 
(Fig. 1c). Hence, although the N3- probe molecule experiences some fast 
dynamics, the interior of the protein binding pocket is much more rigid 
than any solvent environment. The time scale over which the correlation 
function can be measured is limited by the energy relaxation time, T1, of 
the probed vibrational states (which, in the case of N3- is only 2-3 ps). Ex-
periments with CO bound to hemoglobin, whose lifetime is considerably 
longer (T1 = 25 ps), allowed for an observation of the frequency fluctuation 
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correlation function up to 40 ps, showing that the dynamics of the binding 
pocket is clearly non-exponential [46].    
A unique feature of the vibrational approach is that small molecular or 
ionic probes can be employed, thereby allowing information about local 
structural fluctuations to be obtained while minimizing deleterious effects 
on the protein function. Optical probes are usually fairly large cofactors or 
dye molecules. Their responses are generally assumed to provide proper-
Fig. 1 (a) Geometry and Pulse sequence in a photon echo peak shift experiment. 
(b) Photon echo signals of N3- dissolved in H2O measured in the phase matching 
directions +k1-k2+k3 and -k1+k2+k3 at a population time T=100 fs. The peak shift 
is indicated. (c) Comparison of the time dependent peak shift of N3- dissolved in 
water with that of the same probe molecule bound to hemoglobin (Hb). Adapted 
from Refs. [46, 55]. 
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ties of the charge fluctuations of the bulk medium. It is the fluctuations of 
the parts of the protein that are directly coupled to the probe and are there-
fore major cause for perturbing the potential energy surface, and hence the 
vibrational frequency, of the probe. Furthermore, a direct link between 
theory and experiment is conceivable by applying MD simulations, which 
allow for an assignment of the motions involved [51-54]. Coupled 
QM/MM methods, which are now being developed [19], and which treat 
the small probe molecule quantum mechanically while the protein is 
treated classically, should provide an even closer link between spectro-
scopic signal and structural dynamics. 
2D-IR Spectroscopy 
2D-IR spectroscopy can be considered an extension of photon echo spec-
troscopy. It allows for additional spectral resolution which is missing in 
most time-integrated photon echo techniques, and hence allows for the in-
vestigation of more complicated bands but just isolated single transitions. 
In the context of peptides, most 2D-IR experiments have been performed 
on the amide I band, which carries significant structural information [36, 
38, 55-69]. With the help of 2D-IR spectroscopy, one may not just obtain 
dynamical information, but also structural information. 
The idea of 2D-IR spectroscopy is to apply the conceptual framework 
of 2D-NMR [42] to nonlinear excitations of vibrational transitions. The 
nuclear spins are replaced by the amide I vibrational modes; the RF pulses 
are replaced by (sub) picosecond IR pulses; the spin-spin couplings by the 
couplings between the amide I states, which are to a large extend electro-
static and depend strongly on the distance and orientation of the transition 
dipoles [28]. Common elementary NMR methods (COSY, NOESY, ex-
change spectroscopy) can more or less be mapped onto 2D-IR spectros-
copy [70], but with one important difference: The timescale of the experi-
ment is about one picosecond, hence, real-time measurements (e.g., 
measuring 2D-IR spectra after optically triggering a change in the confor-
mation) can be performed with picosecond time resolution [71, 72].  
Another aspect, also related to the different timescale of both tech-
niques, is the capability of 2D-IR spectroscopy to observe conformational 
sub-states of a peptide. The major degrees of freedom of the polypeptide 
chain are the (φ, ψ) dihedral angles of the two σ-bonds of each amino acid, 
which can rotate almost freely. A complex balance of forces results in two 
dominant free energy minima within the (φ, ψ) configuration space, corre-
sponding to the two most important secondary structure motifs, α-helices 
and β-sheets. The almost equal depth of these free energy minima gives 
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rise to the tremendous structural diversity proteins have. However, in the 
case of small peptides, one expects to obtain a distribution of conforma-
tions owing to the shallow free energy potential surface, since intra-
molecular hydrogen bonds, that stabilize secondary structures, are gener-
ally missing in these small systems. Since conformational jumps between 
conformational sub-states occur many times on the NMR timescale (1-100 
ms), NMR techniques probe the time-averaged conformation, which does 
not necessarily coincide with any of the conformational sub-states. This 
problem is one reason for a lack of reliable information on the conforma-
tion of small protein building blocks. The IR timescale (1 ps), on the other 
hand, is sufficiently fast to freeze in conformational states, and potentially 
separate them. 2D-IR spectroscopy of peptides has been reviewed recently 
[66].  
In our lab, most of the equilibrium 2D-IR work has been performed on 
tri-alanine [36, 58-61, 65]. The molecule contains three amino acids, 
which are linked by two peptide units (Fig. 2a). The corresponding two 
amide I bands are partially resolved in the absorption spectrum (Fig. 2b), 
which renders this molecule an ideal benchmark system to develop 2D-IR 
spectroscopy. Fig. 2c shows the 2D-IR spectrum of tri-alanine (taken from 
Ref. [58]). Cross peaks appear in the off-diagonal region, which unambi-
guously prove that the corresponding states in the absorption spectrum 
(Fig. 2b) are coupled. Coupling between both amide I groups results in a 
response of one amide I band, when the other is excited. By modelling the 
2D-response of the sample (Fig. 1de) and combining the result with ab ini-
tio quantum chemical calculations [30, 31], we recently succeeded to de-
termine the dominant conformation of this molecule with (φ, ψ)= 
(-60°,140°) [58]. This is the so-called PII conformation. The coupling 
model, on which this structure determination relies, has successfully been 
verified by isotope substitution [36]. Furthermore, it could been shown in a 
combined experimental/MD study that a minor fraction (20%) of an addi-
tional α-helical like conformation is present with dihedral angles 
(φ, ψ) = (-76°, -44°) [65].     
The ultrafast time resolution of 2D-IR spectroscopy has been explored 
for the first time by investigating the transfer of excitation between both 
amide I states of tri-alanine [61]. In analogy to Nuclear Overhauser Effect 
spectroscopy (NOESY) in NMR [42], this transfer can be directly related 
to conformational equilibrium fluctuations of the peptide backbone. It has 
been shown in Ref. [61] that 2D-IR spectroscopy is specifically sensitive 
to the fastest components of the backbone fluctuations, which, according 
to these experiments, occur on an ultrafast 100 fs timescale. Furthermore, 
the hydrogen-bond exchange dynamics of a model compound for the pep-
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tide unit (N-methyl-acetamide) has been studied, yielding a hydrogen bond 
lifetime of 10-15 ps [59]. For both examples, an excellent agreement with 
MD simulations has been found [59, 61].         
The combined work of Refs. [36, 58, 61, 65] is considered to be the 
most detailed IR study of a small protein building block. The results have 
been verified by recent Raman [73, 74] and NMR experiments [75, 76]. 
On a first sight it seems surprising that tri-alanine exists in one dominant 
conformation (i.e. the PII conformation) which plays only little role in lar-
ger polypeptides and proteins. The experiments on tri-alanine reveal the in-
trinsic structure propensity of the peptide unit itself. Apparently, in-
tramolecular hydrogen bonds, for which the molecule tri-alanine is too 
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short, stabilize secondary structures in larger polypeptides and protein and 
over-compensate the forces present in the peptide unit. It is nevertheless 
worthwhile to note that established molecular dynamics force field 
(CHARMM, AMBER, GROMOS) - all designed to predict protein struc-
tures - reveal different structural distributions for tri-alanine, none of 
which agrees with the experimental result [77, 78]. Partially based on our 
2D-IR results, a modification of the AMBER force field has been sug-
gested recently, which may describe the structure of small peptide frag-
ments, such as tri-alanine, as well as of larger polypeptides in a self-
consistent manner [79].   
Vibrational spectroscopy of non-equilibrium dynamics of 
peptides and proteins 
Studying non-equilibrium dynamics of peptides and proteins require a fast 
optical trigger to initiate a conformational transition. In this regard, the two 
most important concepts are (i) temperature jumps and (ii) the incorpora-
tion of photo-switchable groups into a peptide.  
Temperature Jump: Fast temperature jumps are induced by either opti-
cally exciting a dye which is dissolved in addition to the peptide, and 
which undergoes fast internal conversion and thereby dissipates the pump 
pulse energy to the solvent [80], or by exciting vibrational modes of the 
solvent directly with an intense IR pulse [1-7, 12, 13, 81]. The second 
method has the advantage of being more direct and avoids the possible ag-
gregation of the peptide under study with the dye molecules (which has to 
be added in high concentrations to achieve high temperature jumps). The 
basic idea of temperature jump experiments is to rise the temperature 
above the melting point of a folded peptide, and observe the subsequent 
unfolding dynamics. Since folded and unfolded state coexist in equilib-
rium, important conclusion about the folding dynamics can been drawn 
from the unfolding dynamics. In case of cold-denatured proteins, tempera-
ture jumps may also be applied to investigate folding directly [81].  
In principle, temperature jump experiments can be performed with ex-
tremely high time resolution, limited only by the time it takes until the 
bulk solvent thermally equilibrates (a few 10's of picoseconds [80]). Nev-
ertheless, the best time resolution achieved so far is in the range of 10 ns, 
limited by the pulse duration of the IR heating pulse (for which millijoules 
of energy are needed) and the response time of the IR detectors utilized. 
Hence, in the context of the delimitation of this paper to "ultrafast" peptide 
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dynamics, temperature jump experiments shall not be discussed in detail 
here.         
Photo-switchable peptides: A variety of photo-switches have been sug-
gested to investigate peptide dynamics. In all cases, the photo-switches are 
ultrafast (in the range of a few picoseconds or less), and hence pose no 
limitation to the time resolution of the experiment. When combined with 
femtosecond pump-probe techniques, peptide dynamics may be studied 
with essentially unlimited time resolution. 
• The change of dipole moment of an attached cofactor was demonstrated 
by Gai and coworkers, who attached a tris-bipyridine complex, which 
undergoes a metal-to-ligand charge transfer (MLCT), to short peptide to 
create an excited state which persists for 1-2 µs, long enough to observe 
helix formation [82]. The cofactor introduces a photo-induced dipole 
change of 5-9 D. Proteins are known to fold or to change conformations 
in response to a change in the charge distribution of their cofactors. The 
authors observed helix formation on a 300 ns timescale, which follows 
an Arrhenius relation with a barrier of Ea=13.5 kcal/mol.  
• Thioamides: Principally speaking, the peptide unit itself (i.e. the 
-CONH- unit), whose thermodynamically more stable configuration is 
the trans isomer, can be switched to the cis isomer by electronic excita-
tion of its ππ* transition, thereby forcing the peptide into an new con-
figuration. However, this concept has two problems: (i) the required ex-
citation wavelength lies deep in the UV (190 nm) which is hard too 
reach technically and which furthermore would destroy the molecule. 
(ii) Excitation would be non-selective and randomly switch all peptide 
units in a polypeptide. Both problems can be circumvented by substitut-
ing one peptide unit by a thioamide (i.e. -CSNH-), which red-shifts the 
wavelength of the ππ* transition of the trans isomer to 255 nm. This 
wavelength is easily accessible for femtosecond lasers (since it is ob-
tained by tripling the Ti:S laser wavelength), and S-O substitution may 
be done site-selectively. Furthermore, it has been shown that incorpora-
tion of a thioamide linkage results in only minor changes of the secon-
dary structure of a peptide [83, 84] and that secondary structure is in-
deed changing upon illumination of thiopeptides [85, 86]. A recent 
combined theoretical-experimental femtosecond studies on the pho-
toswitch itself (CH3-CSNH-CH3) shows that the isomerization quantum 
yield is high (30-40%), that the molecule is stable against photo-
degeneration, and that the isomerization proceeds through two reaction 
channels, one ultrafast with a <5 ps time constant and one slower with a 
200 ps time constant [87]. First applications to initiate peptide dynamics 
have been reported in Refs. [88, 89].     
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• Cross-linking amino acid side chains with azobenzene: The cis-trans 
isomerization of azobenzene is widely used for photo-switching. It is 
characterized by a high quantum yield (50%), high photostability, ul-
trafast switching speed (about 1 ps) and the fact that the cis and trans 
isomers have absorption bands which are well separated, and which 
therefore allow for a switching in both directions. Woolley and co-
workes have cross-linked amino-acid side chains of a polypeptide by 
azobenzene in a manner that the photo-switch either increase or de-
crease the helix content upon trans-to-cis isomerization [90, 91]. Photo-
induced unfolding of the peptide, which occurs on a 55 ns time scale, 
has recently been studied by nanosecond time resolved optical rotatory 
dispersion [92]. We, in contrast, studied the folding reaction with femto-
second IR spectroscopy [93, 94] and observed helix formation on a 200-
900 ns timescale, depending on temperature. The non-exponential kinet-
ics gave clear evidence that helix-folding is not a two-state process.         
• Photoswitches embedded into the peptide backbone: In a similar ap-
proach, photoswitches such as azobenzene [95-98] or hemithioindigo-
based compounds [99] can be incorporated directly into the backbone of 
a peptide. The IR response of the amide I band of a small cyclic peptide 
has been investigated in great detail in our lab, showing that the peptide 
backbone can be stretched on an ultrafast 20 ps timescale upon cis-trans 
isomerization of an azo-moiety [bre03]. The same system was also used 
as a first test case for developing transient 2D-IR spectroscopy of the 
non-equilibrium dynamics of this peptide [71].    
• Photo-cleavable disulfide-bridges: The first approach in this direction 
was undertaken by Hochstrasser and coworkers in pioneering work, who 
optically dissociated a disulfide-bridge between two amino acids in a 
short peptide by exciting it with a short UV pulse at 270 nm [101, 102]. 
The peptide was designed to fold into an α-helix after photo-cleavage, 
while no distinct secondary structure was possible in the initial bridged 
state. Unfortunately, geminate recombination of the liberated thiyl radi-
cals occurred before helix formation could be detected. The results have 
been discussed in terms of the highly non-exponential dynamics of the 
photo-cleaved peptide, which extends form 1 ps to 10 µs.  
We have recently adopted the latter approach to a much smaller peptide, 
and investigated its unfolding by means of transient 2D-IR spectroscopy 
(see Fig. 3) [72]. By addition of an UV pulse preceding the 2D-IR part of 
the experiment, the 2D-IR spectrum of a peptide is recorded as it under-
goes a conformational transition. We consider transient 2D-IR spectros-
copy an UV-pump-2D-IR-probe experiment with the 2D-IR part, which by 
itself consists of an IR pulse sequence, being the probe process. Transient 
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2D-IR spectroscopy extends the advantage of the 2D-IR spectroscopy to 
the investigation of a transient species far from equilibrium with picosec-
ond time resolution. In the non-equilibrium regime, the time-resolution ad-
vantage against NMR spectroscopy is even superior.  
The molecule under study is a small cyclic peptide, cyclo-(Boc-Cys-
Pro-Aib-Cys-OMe) which forms a β-turn stabilized by a disulfide-bridge. 
The latter can be cleaved by an ultrafast UV pulse, thereby initiating tran-
sient opening if the turn structure on a fast 100 ps timescale. In equilib-
rium, i.e. before the UV pulse arriving, a full set of diagonal and cross 
peaks is found in a conventional 2D-IR spectrum, including a hardly re-
solved cross peak that relates to a coupling across the intramolecular hy-
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Fig. 3. Equilibrium and transient non-equilibrium 2D-IR spectra of a small di-
sulfide-bridged peptide, cyclo-(Boc-Cys-Pro-Aib-Cys-OMe) together with ex-
ample structures obtained from a MD simulation.  The crosspeak marked by 
circles in either spectrum relates to the coupling across the hydrogen bond in 
the β-turn structure. Adapted from Ref. [72]. 
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drogen bond of the β-turn (marked by a circle in Fig. 3). 100 ps after 
photo-cleavage of the disulfide bridge, the intensity of only this cross peak 
changes in the transient 2D-IR spectrum (which is a difference 2D-IR 
spectrum), reporting on the opening of the intramolecular hydrogen bond, 
and hence the β-turn structure. The work demonstrates that hydrogen-
bonds in β-turns can form two orders of magnitude faster than the "folding 
speed limit" established for contact formation between side chains [103]. 
Transient 2D infrared spectroscopy uniquely combines picosecond time 
resolution with microscopic structure resolution capabilities in the solution 
phase by being able to sense local contacts between specific molecular 
groups. In the present example, we watch ultrafast hydrogen bond break-
ing in a peptide by direct experiment. The MD approach currently is the 
only one to investigate ultrafast non–equilibrium dynamics – and hence 
function – of biomacromolecules on an atomic level. Yet, it is clear that 
MD simulations are based on, in part very crude, approximations, while 
experimental techniques that can provide pictures of similar clarity are 
scarce. The combination of T2D–IR spectroscopy and MD simulations, 
both addressing similar length and time scales, provides an experimentally 
well founded atomic view of fast biomolecular processes. 
Conclusion and Outlook 
I have reviewed a series of experimental results based on fast IR spectro-
scopic techniques. Each of these experiments provides just a glance into 
some aspect of protein dynamics, and the picture is very incomplete. Nev-
ertheless, one can safely conclude that protein dynamics indeed occurs on 
all time scales, from 100 fs for fluctuations of individual peptide units to 
seconds or even longer for large scale conformational changes of proteins, 
with no obvious gap of time scales.     
It has often been argued that the ultrafast dynamics of proteins is not 
particularly important since relevant biological processes are slow. While 
the second part of this argument certainly is true, this is not at all clear for 
the conclusion. When one thinks about a conformational transition of a 
protein as a two-state system separated by a barrier, one may describe the 
transfer rate by an Arrhenius law, which contains two ingredients: a pre-
exponential factor k' and a barrier height Fa: 
Tk
F
B
a
ekk
−
= '  
(1) 
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The pre-exponential factor describes how quickly the molecule searches its 
conformational space (i.e. how often it finds the barrier), and the Boltz-
mann factor describes the success rate of crossing the barrier, once it is 
found. When the barrier height is much larger than kBT, which is often the 
case, one obtains a large separation of time scales between search rate and 
crossing rate, since the Boltzmann factor is small. In that case, the signifi-
cance of the barrier height is much larger (since it appears in the exponent) 
than that of the pre-exponential factor, and the conclusion made above 
might in fact be correct. The ultrafast dynamics may just determine the 
search rate of the protein, but nature achieves control of bioactivity much 
more efficiently by controlling barrier heights. 
However, there is growing experimental evidence that exactly such a 
separation of time scales is not possible, at least for smaller systems. De-
pending on the size of the molecule and the spectroscopic techniques used, 
different time scales are observed, which stretch from 100 fs to seconds. 
New spectroscopic techniques fill gaps on the time arrow which existed 
before just because of the lack of appropriate spectroscopic techniques. 
Recently, several papers appeared which claim that the "speed limit" of 
protein folding has been measured [72, 103-105]. Yet, the values reported 
for the speed limit vary by orders of magnitudes (100 ps - 25 µs), strongly 
depending on the size of the molecules investigated. The more we are able 
to look into details of protein dynamics with the help of new spectroscopic 
techniques, the less appropriate is the simplifying two-state approach of 
Eq.1, which buries all details of the dynamics in two parameters. Sophisti-
cated IR spectroscopic techniques may contribute significantly to a more 
comprehensive understanding of protein dynamics. IR spectroscopy, and 
in particular 2D-IR spectroscopy, is the only readily available spectros-
copy in the solution phase which combines essentially unlimited time reso-
lution with significant structural resolution power and allows us to make 
ultrafast molecular movies [72]. 
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